• A standard for air quality of postharvest fruit environments is proposed.
Introduction
Aerosols are microscopic solid or liquid particles that are suspended in air (Pasquarella et al., 2000) .
Airborne particles containing living organisms known as bio-aerosols often represent a contaminant of indoor air (Kim et al., 2007) . Viruses, fungal propagules, bacterial endospores, plant pollen and segments of plant tissues are constitutes of a bio-aerosol (Kalwasińska et al., 2012) . Bio-aerosols are mainly sampled to evaluate the potential of environments to contaminate products due to the fallout potential of an area (Pasquarella et al., 2000) . Physical (particle size, -density and -shape) and environmental factors (air currents, relative humidity and temperature) are the main parameters that affect bio-aerosol settling (Stetzenbach et al., 2004) .
Air currents have been recognised as the principal physical factor responsible for the detachment and dispersion of fungal propagules, particularly Penicillium and Aspergillus, in indoor environments (Sivasubramani et al., 2004) . Airborne fungal contaminants have progressively gained importance as health hazards and are also known to contribute to postharvest losses of fresh produce (Kakde and Kakde, 2012) . The likelihood of Penicillium infection to occur through inoculum presence spores settling onto fruit surfaces and subsequent infection increases during optimal environmental conditions (Amiri and Bompeix, 2005) . Other factors that influence the probability of Penicillium infection are the presence of high inoculum levels and environmental conditions favouring infection (condensate, vapour, temperature fluctuation), as well as respiration rate of fruit stored together, age of fruit and wounding frequency. The increased probability of Penicillium infection subsequently contributes to substantial postharvest losses due to decay (Amiri and Bompeix, 2005) .
In general, the need to decrease pathogenic airborne microorganisms and their fallout has increased in various industries such as agriculture, health care, production and food processing plants (Shintani et al., 2004) . Data accumulation and knowledge of microorganisms present within the air is of great importance before attempting to reduce microbial fallout (Yau et al., 2012) . The approaches used for setting or reviewing microbial air quality standards vary between countries and industries. Differences between methodology, monitoring strategies, data interpretation and levels deemed acceptable prevent comparative analysis (Pasquarella et al., 2012 and Spickett et al., 2013) . The need for the establishment of a national threshold value of fungal loads in the air (pathogenic and non-pathogenic fungi) in both indoor and outdoor air environments have previously been reported (Fischer and Dott, 2003) . Fungi have been considered as useful biological indicators of indoor air quality to monitor the health of an environment or ecosystem (Cabral, 2010) . A method to distinguish air quality in fruit handling environments has not been developed.
Active and passive air sampling methods are commonly used to monitor microbial aerosols in different environments (Altunatmaz et al, 2012 and Pasquarella et al., 2000) . Active air sampling is used to determine total fungal loads in a specified volume of air, while passive air sampling provides a better representation of mycoflora that has the potential to settle onto fruit surfaces. The aim of this study was therefore to first determine the total air mycoflora in various postharvest fruit handling environments along the pear export chain using active and passive air sampling methods. This study further aimed to identify the ratio of Penicillium spp. within the air myco-environment, group the species. according to their postharvest disease causing potential and to develop a potential decay sampling and 546 from passive air sampling). Eleven facilities were selected for sampling in the supply Page 4 of 22 indicator (pdi) to monitor pathogenic Penicillium spp. in fresh produce environments. Finally to propose a more realistic air quality standard for fresh produce handling facilities.
Materials and methods

Sampling approach and selected methods
Air myco-environments were monitored by using both active-and passive air sampling methods.
Active air sampling was done by using an automated SAS SUPER 100™ Compact Surface Air System® (PBI International, Italy) to collect airborne fungi by means of impaction on 65 mm malt extract agar (MEA) (Merck, Johannesburg) contact plates. Passive air sampling was performed by exposing 90 mm MEA settle plates to the environment for 20 mins. Air sampling was conducted locally (SA) and internationally (UK) over three years to achieve a reasonable profile of air quality in various facilities following the pear export chain. Local sampling areas included two commercial large scale pear packhouse facilities, at least three regular-and controlled atmosphere storage rooms at each packhouse and an export fruit container before packing pallets with pear fruit cleared for export.
International sampling areas sampled included the same fruit export container after opening on the overseas market (average of 21 days later), two fresh fruit re-pack facilities handling the exported fruit, at least two cold storage rooms containing amongst others pears at each re-pack facility, a distribution centre (various fruit and vegetables ready for retail sales) and a retailer outlet where the pears are temporarily stored and displayed for sales. Between nine and twenty air samples were collected (depending on the size of the room) at randomly selected points in all the facilities sampled. Points and number of samples collected per room were the same for active and passive sampling. Active air samples were collected from the corners of a specific room and the sampler was directed inward towards the centre of the facility. The automated air-sampler was always held at the same height (one metre) above the ground. A total of 1 380 air sampling plates were obtained (834 from active air chain. Table 1 indicates the number of samples taken for active and passive air in each major facility sampled following the pear export chain as well as the average temperature and humidity typically encountered in these environments. were calculated based on total viable counts (TVC) of mycoflora for active and passive air sampling respectively. Even though no international consensus exists on limits for microbial contamination, the standard index of microbial air contamination in environments as described by Pasquarella et al.
( Pasquarella et al., 2000) was used in this study as benchmark value to determine the microbial air quality. Penicillium colonies that were visually distinctive from each other (colour, texture, reverse conditions that can contribute to market-end rot. Colony counts per plate for each of the eleven (Southern Cross Biotechnology, Johannesburg). Amplification of a partial beta-tubulin (β-tubulin) gene region was performed using Bt2a (5'-GGT AAC CAA ATC GGT GCT GCT TTC -3') and Bt2b (5'-ACC CTC AGT GTA GTG ACC CTT GGC -3') primers (Glass and Donaldson, 1995) . The β-tubulin PCR product was digested with the BfaI (isochitzomer -FspBI) restriction enzyme according to the manufacturer's specifications. Isolates were grouped according to similar base pair sizes on PCR-RFLP gels and selected isolates were sequenced for identity confirmation. Potential decay indicator (pdi) organisms (P. crustosum, P. digitatum, P. expansum, P. italicum and P. solitum) were furthermore selected to determine the decay-causing potential of air within the eleven facilities sampled in the pear export chain. Selection of pdi was done from known pathogenic isolates found in this study i.e. P. digitatum, P. crustosum, P. expansum, and P. solitum. These species were described as pathogenic and to cause green and blue mould on pears (Louw and Korsten, 2014) . In addition, the other well known citrus pathogen P. italicum were also included in this study based on observed symptomatic citrus fruit present in the re-pack facilities at the time of this study. The five selected pathogenic Penicillium spp. were considered as pdi in fresh fruit supply chains and indicators of unsanitary sampling areas in the pear chain were used to calculate prevalent Penicillium spp. as was obtained from active and passive air sampling methods.
Statistical analysis
The number of organisms counted on the surface of the contact plates obtained for active air samlples were corrected for the statistical possibility of multiple particles passing through the same hole.
Correction Tables are given in the SAS SUPER 100 ™ -microbiological monitoring of the environment, instruction manual. The probable count (Pr) was then used to calculate the colony forming units (CFU) per cubic metre of air sampled.
The following formula was then used according to the manufacturer requirements of the SAS SUPER Data of active and passive air samples collected over time from various locations, areas and atmospheres was tested for normality using Shapiro-Wilk test with SAS statistical software (SAS
Total mycoflora obtained from passive air samples
The settle plate method (passive air) used in this study showed a median microbial count of 35 CFU/20 min for the overall study. Fresh produe handling facilities in SA and the UK had microbial loads of 28.0 and 37 CFU/20 min respectively. The re-pack facilities in the UK also had the highest median counts (300.00 CFU/20 min) compared to the packhouses (9 CFU/20 min) in SA (Fig. 2) . Re-pack facilities in the UK were the only facilities that had significantly higher microbial counts for passive air than any other facility sampled in this study (Fig. 2 ). Of this 20 889 colonies obtained, 6 047 were identified as Penicillium. Therefore 28.9% of microbes obtained from active air samples were Penicillium species. From these total Penicillium colonies, 1 123
isolates were obtained and subsequently grouped into 282 morphological groups.
20 964 microbial colonies were obtained from all passive air samples obtained during sampling. 5 849 colonies of the total microbial counts were Penicillium species. Therefore 27.9% of the total microbial population obtained from passive air samples were Penicillium species. From these Penicillium colonies, 508 isolates were obtained and subsequently grouped into the 282 morphological groups as described previously. Fluctuations in numbers of these organisms present within the facilities are presented in Figure 3 . It was noted that citrus pathogens P. italicum and P. digitatum were more prevalent in the UK facilities (Figure 3 ) compared to the SA facilities. However, none of the indicator Penicillium species were isolated in the retail storage and retail display areas in UK.
margin of difference between these values cannot be dismissed. Passive air fallout is furthermore perceived as a direct indication of the contamination level of the surrounding surfaces and is therefore important to consider in context of fruit exposed to the air. The mycoflora counts within the fruit handling environment in this study were found to exceed the standard limits for acceptable sanitation maintenance levels. The only facility in this chain that had a significantly higher passive air CFU counts than the rest of the facilities was the re-pack area. It is therefore proposed that a more acceptable maximum CFU threshold limit be set for fresh produce environments in general but excluding the values obtained in this facility that was deemed exceeding the new proposed norm. Thus for passive air 33.5 CFU/20 min is proposed as a realistic threshold value for all environments in the chain. Due to the high microbial load, re-pack facilities can therefore be considered as a higher risk area in the chain and should be managed accordingly.
During sampling, it was noted that there is a lot of movement in the various areas throughout the day (unpublished data). Movement can generate air currents, which have been indicated as the principal physical factor causing detachment and dispersion of Penicillium propagules in indoor environments (Sivasubramani et al., 2004) . Penicillium propagules may ultimately attach to fruit surfaces, infect the fruit and cause decay at the consumer-end of the chain. A study done by Amiri and Bompeix (Amiri activities may cause significant changes in the number and types of airborne fungi. Their study contamination. In this study, Penicillium spp. accounted for approximately 30% of the total mycoflora in aerial environments of postharvest fruit handling facilities. The selected pdi species made up 38.8%
and 39.3% of the total Penicillium population isolated from active and passive air samples respectively.
It was previously reported that a low density of airborne Penicillium spores might cause decay especially during optimal disease development conditions contributing quantitative and qualitative postharvest losses (Amiri and Bompeix, 2005) . The presence of these Penicillium pdi air inoculum in the fruit handling environments therefore poses a risk for infections near the market-end of the chain.
A general perception exists that even though P. digitatum and P. italicum (citrus pathogens) inoculum levels were high in the air of certain postharvest fruit handling areas in the export chain, it had no effect on non-hosts such as pears. Since Louw and Korsten (Louw and Korsten, 2014) could show that P.
digitatum could cause extensive symptoms in pome fruit, it challenges previous assumptions that citrus pathogens do not affect pear quality. The inclusion of well-known citrus pathogens P. digitatum and P.
italicum as part of the pdi organisms used in this study provided an insight into the dynamics of these species throughout aerial environments of the postharvest fruit handling facilities in the export chain.
Pear pathogenic Penicillium pdi were more prevalent in the SA side of the export chain in comparison with the known citrus pathogens that were rarely found in pear packhouses. This can be because a higher number of different fruit types were handled in the UK part of the pear export chain and therefore affect the microbial dynamics of the air. The conclusion is that the more fruit types that is handled in one area, the higher the microbial population and diversity will be, since the microflora of each fruit is different and contribute to the air mycoflora through constant microbial shedding.
Using the passive air sampling method, few or no pdi were detected in the re-pack facilities (Figures 3   and 4 ). This could be because of the extensive movement and re-packing that was hapenning. A study done by Lehtonen and Reponen (Lehtonen and Reponen 1993) , indicated that everyday household furthermore showed that settled spores could easily become airborne through household activities, such as sweeping of floors. Handling of organic material was also shown to increase the numbers of airborne fungal spores in the environment. Similar types of activities in the packhouse and re-pack areas can have a significant effect on airborne Penicillium spore loads compared to spores that settle onto surfaces.
5.
Conclusion
The lack of consensus on what constitute healthy hygienic air quality in fresh produce handling environments makes managing santation levels and reducing decay difficult. In this study fresh produce environments were monitered over a three-year period following export fruit i.e. pears, to develop a more realistic air mycoflora standard for postharvest fruit handling environments. Values of 330 CFU/m 3 and 35 CFU/20 min. for active-and passive air sampling respectively, were found. Total microbial counts for both active and passive air sampling indicated that re-pack facilities towards the end of the chain have much higher CFU counts compared to all other facilities sampled and exceeded threshold the average values proposed in this study. The most common fungi found in the fresh produce environments were Penicillium species (30% of total air mycoflora). A diversity of 25 and 22 different Penicillium spp. were obtained from active and passive air sampling respectively. Penicillium glabrum was the most frequently isolated species. Citrus and pear pathogens that were selected as pdi to assess air quality represented approximately 40% of the total Penicillium population. Of these pathogenic species P. expansum and P. crustosum were prevalent in the air of most of the fresh produce handling facilities. This represents a potential risk of cross-contamination of fruit towards the end of the supply chain. Future studies should focus on the link between Penicillium inoculum levels in aerial environments and decay at the retail-end.
